We evaluated the ability of a new simplified algorithm for three-dimensional echocardiography (3DE) left ventricular (LV) measurements with minimal operator interaction to be reproducible and robust, independently of the experience.
Introduction
Assessment of left ventricular (LV) volumes and ejection fraction (EF) is crucial to appreciate prognosis and optimize management of patients suffering from cardiac diseases. 1, 2 In cardiologic practice, most echocardiographic laboratories currently evaluate LV systolic function using visual estimation or quantitative twodimensional biplane assessment of volumes and LVEF. However, these measurements are flawed due to significant inter-operator variability, particularly in the case of novice investigators, foreshortening errors, and reliance upon geometric models likely to be inaccurate in hypertrophied, dilated, or remodelled LV.
Three-dimensional echocardiography (3DE) using fully sampled matrix array transducers capable of acquiring volumetric data avoid the errors inherent to two-dimensional echocardiography (2DE), as LV volumes are measured by detecting endocardial boundaries in the volume. 3 -12 However, 3DE evaluation requires a certain level of experience, has a learning curve effect, and is limited by impaired image quality and time-consuming manual data analysis, all of which restricts its application in routine clinical practice. Recent technical progresses have led to the development of a high-resolution 3DE transducer that allows for facilitated 3DE data set acquisition with high-image quality. In addition, it permits the online or offline constitution of a computerized contour tracking algorithm that enables semi-automated data analysis with only minimal operator interaction. Thus, the foundation for fast, accurate, and less observer-dependent quantification of LV volumes and function using 3DE is now in place.
We hypothesized that 3D LV analysis would be feasible and accessible, independently of user experience. Given this concept, the aims of this study were as follows: (i) to compare LV volumes and estimate EF quantification with a new semi-automatic 3DE algorithm when conducted by expert and novice investigators; (ii) to compare 3DE measurements with those of 2DE obtained by both investigators and cardiac magnetic resonance imaging (CMRI); (iii) to assess the impact of experience on intra-observer and interobserver variabilities, and robustness.
Methods

Study population
We evaluated prospectively 163 subjects: 123 hospitalized patients scheduled for routine echocardiography in our cardiologic department and 40 control subjects. To be considered as controls, subjects had to be free from known cardiovascular disease, diabetes, or hypertension.
Study protocol
The 2DE and 3DE acquisitions were obtained successively for all subjects by the same physician, an expert in echocardiography (level 3 ASE). 13 Systolic and diastolic blood pressures were systematically measured during the echo study. Written informed consent was obtained from all subjects. The study was approved by the local Ethics Committee of the Bordeaux University Hospital. Excluded from the study were subjects presenting more than three LV segments not correctly visualized by conventional 2DE, unstable clinical condition, severe dyspnoea precluding breathholding for at least 8 s, atrial fibrillation, or frequent extrasystoles.
The resultant 2DE and 3DE data sets were stored and transferred to a workstation for offline data analysis via the hospital PACS network.
Echocardiographic data were analysed offline, under blinded conditions, by both a novice in echocardiography (level 1 ASE) and an expert in echocardiography (level 3 ASE). 13 The analysis time was measured with a stopwatch with precision in seconds, beginning with the menu of analysis and ending with the results of LV volumes.
A subgroup of 30 patients underwent a CMRI study on the same day in order to compare the results with those obtained with the tested methods and evaluate systemic error and degree of agreement. For CMRI, exclusion criteria were unstable clinical condition, severe dyspnoea precluding breath-holding for at least 10 s, atrial fibrillation, frequent extrasystoles, pacemaker or defibrillator implantation, or claustrophobia.
Transthoracic two-dimensional echocardiography and three-dimensional echocardiography data acquisitions
The subjects were examined in the left-lateral decubitus position using a Vivid E9 commercial ultrasound scanner (version BT11, General Electric Healthcare, Horten, Norway) with phased-array transducers (M5S-D and 4V-D).
Two-dimensional data acquisitions included parasternal longand short-axis views, and three standard apical views. For each view, three consecutive cardiac cycles were recorded during quiet respiration. From the apical four-and two-chamber views, LV volumes were measured according to Simpson's rule.
For 3DE, a fully sampled matrix array transducer with almost 3000 active elements was used (4V-D, GE). The 3DE data acquisition was obtained in an adjustable volume divided into six subvolumes. The acquisition of subvolumes was steered electronically by the ultrasound system, with the transducer kept in a stable position. The acquisition was trigged to the R-wave of the electrocardiogram on consecutive heartbeats. To accomplish correct spatial registration of each subvolume, the acquisition was performed in an end-expiratory breath-hold lasting 6-8 s (depending on the heart rate) recorded at the apex of the LV with a mean volume rate of 36 v.p.s. (30-40) and a six-beat acquisition. Care was taken to include the entire LV cavity and myocardium within the pyramidal scan volume.
For 3DE repeatability analysis (inter-examination evaluation), a second acquisition was performed at least 5 min after the first on the 55 first patients.
Automated border detection and volume computation algorithm from the three-dimensional echocardiography acquisition Data analysis was performed offline using the original raw data for all 3DE datasets and Echopac software workstation (Echopac version BT11, 4D Auto LVQ, General Electric Healthcare, Horten, Norway) for semi-automated endocardial surface detection.
Data acquisition was conducted in several stages: † Alignment with presentation of the four-, two-, and three-apical views as well as transversal plane. Orientation was performed automatically. † End-diastolic volume (EDV): the operator had to place, in enddiastole, one point on the middle of the mitral annulus plane and a second at the LV apex. The software generated an enddiastolic endocardial border trace. Papillary muscles were included within the LV cavity. Manual adjustments of the automatic trace had to be performed by the operator in order to reposition it closer to the endocardial border. † End-systolic volume (ESV): the same process was repeated in end-systole. In the case of significant deviations, the operator was allowed to adjust the trace closer to the endocardial border. † The analysis permitted to obtain LV end-diastolic, end-systolic, and stroke volumes, in addition to cardiac output, LVEF, and a sphericity index in less than 30 s ( Figure 1) . A minimum of four init points had to be selected by the user. Additional clicks, if necessary, were quantified. Duration of the analysis to obtain EDV, ESV, and LVEF using 3DE and 2DE was measured and compared. † Volume wave form: the correct alignment of the contours with the endocardium during the cardiac cycle was controlled.
Cardiac magnetic resonance imaging data set acquisition and analysis
CMRI was performed on a 1.5 T system (Sonata, Siemens, Erlangen, Germany) with a phased-array radiofrequency receiver coil placed on the chest. All images were gated to the electrocardiogram. After acquiring scout images, a stack of contiguous, doubleoblique, short-axis slices covering the LV from base to apex was acquired in repeated breath-holds lasting 6 to 8 s. Temporal resolution was set to 40 frames per RR interval. Steady-state free precession imaging sequence was used, and ECG-gated breath hold images encompassing the whole LV were then prospectively acquired in short-axis orientation with no gap between the slices. The CMRI and echocardiographic studies were performed on the same day in order to ensure comparable haemodynamic conditions between the different examinations. Manual CMRI data analysis was carried out using the contiguous short-axis slices acquired from base to apex on post-processing workstation (Leonardo, Siemens) using commercially available software (Syngo Argus, Siemens) by a radiologist experienced in cardiac MRI and blinded to echocardiography data. Endocardial contours were outlined manually on each end-diastolic and end-systolic short-axis frame in each short-axis slice. The papillary muscles were excluded from LV volume when they were contiguous to the LV wall and included when they were within the LV cavity. Both EDV and ESV were calculated after adding the subvolumes of all short-axis slices together, and LVEF was determined.
Statistical analysis
All statistical analyses were performed using SPSS for Windows (version 15.0, SPSS, Inc., Chicago, IL, USA). All data were expressed as mean + SD. Comparison of mean values was performed with a paired t-test. Linear regression analysis was carried out, and Pearson correlation coefficients as well as mean error measurements (MEM) were calculated for intra-and interobserver variabilities, repeatability, 2DE vs. 3DE data, 2DE vs. CMRI, and 3DE vs. CMRI. Agreement was assessed using the Bland-Altman analysis.
14 To assess the intra-observer variability, the 2DE and 3DE data of 60 first patients was analysed twice offline by the novice (level 1 ASE) and twice by the expert in echocardiography (level 3 ASE) blinded to the results of the novice, with at least 1 week between the two analyses. 13 A second novice and expert, blinded to the preceding investigations, similarly performed the analyses in order to assess inter-observer reproducibility according to level of experience (novices vs. experts). Percentage of intra-observer variability was calculated as the absolute difference divided by the average of the two measurements realized by the same operator (novice or expert). Percentage of inter-observer variability was calculated as the absolute difference divided by the average of the measurements performed by the operators with the same level of experience. Variabilities were also expressed as mean difference + SD and by intraclass correlation coefficient. Agreement was assessed using the method proposed by Altman and Bland. 14 In addition, the repeatability (inter-examination variability) of 3DE and semi-automatic border detection by the novice was determined.
Results
Study population
Of the 163 screened subjects, 30 patients were excluded as at least three LV segments were not visualized on 2DE and a further 8 due to other exclusion criteria (7 for arrhythmia). A total of 125 subjects were included in the final analysis. Clinical characteristics of the study population are presented in Table 1 . Acquisition and analysis of 3DE data sets was feasible in all included patients. Generating one LV volume acquisition required in practice ,2 min. The duration of 3DE data set offline analysis (without volume wave form) averaged 23.2 + 6.3 s for the novice and 26.1 + 4.1 s for the expert (P ¼ ns), including manual initialization ( Table 2 ). The additional adjustments of the endocardial boundaries by the expert were 1.1 + 0.8 clicks in end-diastole and 1.5 + 1.0 clicks in end-systole in order to correct the trace and be closer to the endocardial border. For the novice, it was 0.5 + 0.8 clicks in end-diastole and 0.8 + 1.1 clicks in end-systole. These adjustments slightly increased the analysis time by up to 15 s. The duration for 3DE analysis of EDV, ESV, and LVEF was significantly lower when compared with 2DE analysis ( Table 2) .
Comparison of measurements obtained by novice and expert operators
Results from 3DE obtained by the expert and the novice operators were 120. Correlations between two-dimensional echocardiography, three-dimensional echocardiography, and cardiac magnetic resonance imaging
The 3DE and 2DE measurements of LV volumes correlated well with the CMRI reference values ( Table 3) . Two out of 30 patients were excluded because of insufficient CMRI quality data. Clinical characteristics of the CMRI group of patients are presented in Table 1 . The negative biases reflect the underestimation of the LV volumes when comparing 2DE with 3DE, 2DE with CMRI, and 3DE with CMRI data. Moreover, biases between CMRI and 3DE data were lower than those observed between CMRI and 2DE. For the expert, the greatest correlations and MEM were obtained between 3DE and CMRI: r ¼ 0. Figure 3 depicts Bland-Altman plots between 2DE and 3DE vs. CMRI by the novice and Figure 4 depicts Bland-Altman plots between 2DE and 3DE vs. CMRI by the expert.
Variability of two-dimensional echocardiography and three-dimensional echocardiography measurements
Mean intra-observer and inter-observer percentage variabilities for 2DE and 3DE LV volumes, and LVEF quantification by novices and experts are presented in Table 4 . Mean 3D intra-observer novice and expert variabilities were 5 and 3% for EDV, 7 and 4% for ESV, and 7 and 4% for EF, respectively. Mean inter-observer novice and expert variabilities were 7 and 5% for EDV, 11 and 8% for ESV, and 9 and 8% for EF, respectively. For novice and expert operators, 3DE tended to give a greater reproducibility of LV volume measurements and EF assessment than 2DE. Mean inter-observer percentages of variability for 2D biplane analysis are presented in Table 4 . 
Discussion
This study demonstrates that the new semi-automated analysis algorithm of LV endocardial border detection based on 3DE data allows for rapid, easy, accurate, and reproducible measurements of LV volumes and EF. The LV volume quantification tends to correlate better with CMRI and be more reproducible in comparison with 2DE evaluation. Moreover, this study demonstrates the algorithm's robustness for clinical evaluation when used by both expert and novice investigators.
Reproducibility of left ventricular volume quantification by echocardiography vs. cardiac magnetic resonance imaging
In cardiologic practice, despite numerous studies published on the topic, there is currently no optimal method for determining LV volumes using echocardiography, and for novice investigators, there is a real problem to estimate accurately LV volumes and EF. Moreover, the LVEF is a common criterion for deciding whether to use intracardiac defibrillator implantation, valve replacement, or coronary artery bypass surgery. Though imperfect, the 2D biplane method is widely used, as the measurements to estimate the LV volumes are only performed in two planes. The truncated ellipsoid model becomes less accurate in diseased and asymmetric ventricles with regional wall motion abnormalities. The 3DE appears to be a better alternative to evaluate LV volumes and EF, as previously demonstrated in studies evaluating 3DE analysis performed by expert physicians in comparison Table 4 Volumes and left ventricular ejection fraction variability by two-dimensional and three-dimensional echocardiography Novice Expert 2D (n 5 60) %Var 3D (n 5 60) %Var 2D (n 5 60) %Var 3D (n 5 60) %Var Figure 4 Bland -Altman plots between two-dimensional echocardiography and three-dimensional echocardiography vs. cardiac magnetic resonance imaging by the expert.
Intra-observer
Robustness of a new three-dimensional echocardiographic algorithm with CMRI as the reference method. Kulh et al. 8 used an offline semi-automatic border detection algorithm that required earmarking the mitral valve annulus with points placed in end-diastole and in end-systole in each of the eight cut-planes. Jacobs et al. 10 analysed offline 3DE data by tracing manually, in every short-axis slice, endocardial contours in end-systole and end-diastole. The semi-automatic algorithm for 3DE analysis used in our study allows for rapid and accurate online or offline analysis by positioning only two points in end-diastole and two points in end-systole, with the possibility of adjusting the tracing if necessary. The correlations and biases in comparison with CMRI were similar to those observed in previous studies, such as that by Jacobs et al. 10 Prior investigations already noted that LV volumes were underestimated in 3DE compared with CMRI because in echocardiography the endocardial border is automatically detected at the tips of the trabeculae, whereas in CMRI the border is traced at the trabeculae base, resulting in slight volume disparities. Interestingly, Mor-Avi et al. 15 recently published a validation study investigating sources of errors between 3DE and CMRI. The 3DE-derived LV volumes were underestimated in most patients, as 3DE is not able to differentiate between the myocardium and trabeculae. To optimize this difference, the authors recommended including trabeculae in the LV cavity. According to our observations, the new 3DE algorithm used in our study automatically tended to trace the endocardial border closer to the trabeculae base than previous algorithms.
The new 3DE algorithm has the additional advantages of automatically tracing the endocardial border closer to the trabeculae base, being available online or offline, and enabling rapid analysis (,30 s) with only minimal operator interaction. Moreover, 3DE correlated better to the CMRI reference method than 2DE data sets. Although LV volumes using 3DE was bigger than those measured using 2DE, it is still underestimate the volume compared with CMRI albeit not so much than previous algorithms.
Concerning feasibility, while in the control subject group, there was no problem of arrhythmia, overweight or emphysema, which are the current limitations to feasibility of 3DE analysis (feasibility of 100%), the overall feasibility in our study was of 77% but in patients with cardiac diseases it was 69%.
Robustness of left ventricular volumes and left ventricular ejection fraction three-dimensional echocardiography quantification by novices and experts
In previous studies, physicians or sonographers in charge of 3D data set analysis were exclusively experts. 8 In contrast, one of the advantages of this new semi-automatic algorithm of LV investigation is its robustness when used by either experts or novices. Moreover, in our study, there was only a small variability in the 3DE data obtained by the novice and that obtained by the expert, which is likely to be due to minimal operator interaction. We would recommend adjusting as little as possible the automatic trace proposed by the software, as it is generally closer to the trabeculae base than the small corrections performed by the operator whether novice or expert. Consequently, minimal operator interaction is encouraged with this new 3DE algorithm in order to obtain LV volume and EF measurements closer to CMRI data sets.
Limitations
As 3DE evaluation was performed on six-beat acquisitions, its use is not feasible in patients with arrhythmia, heart rate variability, or those incapable of breath-holding. In our study, the volume acquisition was performed by an expert and the acquisition by a novice should have potentially modified the quality of the image. However, the 3DE acquisitions have a short learning curve for operators who already perform 2DE evaluations (about 10 days for the novice operators in this study). We used a multi-beat acquisition to optimize the spatial and temporal resolutions of 3DE analysis. In our utilization, we considered that it was not a major limitation. We obtained a breath-holding of 7 to 8 s for all the patients without particular difficulty. Poor acoustic windows and imaging artefacts may significantly reduce the reliability of 3DE measurements, similarly to 2DE. Patients were excluded from our study if at least three LV segments could not correctly visualized in 2DE. It may be assumed that contrast echocardiography is capable of overcoming this limitation. Manual correction of the automated endocardial border detection slightly increases the analysis time by up to 15 s. Generally, the highest variability of measurements between echocardiography and CMRI should arise from the most remodelled, dilated, and dysfunctional LV. In our study, 9 (32%) over the 28 patients investigated by CMRI had LVEF ,45% (for 5 patients LVEF was ≤35%), and 16 (57%) patients had LV EDV above the upper limit of normality for the sex according to ASE guidelines (for 6 patients EDV ≥ 180 mL, and for 2 patients EDV ≥ 300 mL). 16 Compared with MRI measurements, our analysis shows a reduction in the amount of dispersion (SD) when using 3D rather than 2D, which is particularly useful for patients with large LV volumes that are underestimated by 2DE measurements as it should be observed on the Bland-Altman figures (reduction in SD by 235% for the expert for LV volumes and 220% for the LVEF). This improvement seems particularly related to the two patients with EDV ≥ 300 mL. However, next larger study investigating particularly patients with EDV ≥ 250-300 mL should be necessary. In spite of these limitations, the robustness of this new 3DE evaluation has been clearly demonstrated in our study, meaning that novices may also use this tool in order to accurately measure LV volumes.
Conclusions and clinical implications
The results of our study indicate that this new semi-automated algorithm for LV endocardial border detection based on 3DE data appears suitable for clinical use by both experts and novices as it allows for rapid, easy, accurate, and reproducible online or offline measurements of LV volumes and EF, which correlate better with CMRI than 2DE. Therefore, in cardiologic practice, this tool may be used in patients with relatively good image quality for robust quantification of these parameters. It may also be employed for the serial follow-up of patients with heart failure, valvular heart disease, or coronary artery diseases, and the results may serve as a guide for pharmacologic and nonpharmacologic therapies, such as biventricular pacing.
